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(57)Abstract: 

PROBLEM TO BE SOLVED: To provide a semiconductor 
memory device where dynamic storage is allowed by a 
memory cell of a simple transistor. 
SOLUTION: A memory cell MC of 1 bit comprises one 
MIS transistor formed at a floating silicon layer. In 
addition to a first gate 13 for channel formation which is 
provided between a source 15 and a drain 14 of the MIS 
transistor, a second gate 20 is provided whose electric 
potential is fixed for controlling the electric potential of 
the silicon layer 12 by capacity coupling. The MIS 
transistor dynamically stores a first data status wherein 
impact-ionization takes place near a drain junction to 
set the silicon layer 12 to a first electric potential, and a 
second data status wherein a forward current is allowed 
to flow the drain junction to set the silicon layer 12 to a 
second electric potential. 
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[#£F3i#<D«Sffl] 
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MCtR 1 <Of- H*. ffiE*WflcJI«±»»i!7-K*lt 

<*;icDTSBKf?uE7- KiH£«l£frf 5&l&£ LTJf£j&£ 
r £ €r4#l»£ 1 7iM 6 (Ol^ix^ 

§E«gW^i»i*^^y^So 

IC «fc y #8t £ ixTJKfiK $ tvfc t y > 

BtjESB 1 oy- Mi, BuE¥#{WIcO-hSSIi7- K&£ 
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<3>Marnix R. Tack et al, "The Multistable Charge-Cont- 
rolled Memory Effect in SOI MOS Transistors at Low 
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7fk 1214 (a) , (b) l«tl j ei^i3^A-A , , 
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!7- K»WL*-|Sj(cv-y 3^8<bR2 1 ICfc 
ios&i£^lcft;bo-c. i/^yiu^x^y^ 
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^<t^(C x 2 FX 2F = 4 F 2 £ 
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[0 0 2 0] :(?)nft^SM I S h7>^^^b 
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14. try M»BLI-iE«fl[4:*iL (08) . ^ffiUx 
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(139) o r<xt-<tt>, il^^^ey-fe:/^ " l " 

<75»^&. 5ffi«ftmcio^#^^^^s» 5 genT 

[0 0 2 8] tUT, t 3-C17— KftWL Srft*l6l 
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ttti:ft»5tit, *->HftUI4Kr6*v\ 

[0029] El i o&tfEl nil i§i i:tt*tB 
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i 2jw;iai 3ii ^tvm "i w w o M =f 

"0", " 1 n X — ^COL^VMttV t h 0, Vthltf) 

^OltV^VthO, V t h 1 ORSlCiS^L-Cb <fc 
v\ -t Its &$#Jt 2-CtTy hSi:l«?:«ISt^c ^ 

LtK'yh«BL©tttiWi*S< (Ell 2) % 
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[00 3 1] -t LTx l«*gt 3-e. St^ffiLx-^^ 
tt l w codicil try h»B LKjE<0!8ffi«:5-;t (El 
1.2) N R*IHL7-^^ a 0 w tf>4fr&tttry h».BL 
(c^comfir?r^^5 (Ell 3) o CttlwiO, 
yir/u^ "1" x — *<0*§£\ ^WXLf^W^X^ 

«»3*vC«* a l n 5 tf -^3ft«»#ii*ix*. W 0 W ^ 

It, !)-K/!)7Uy^lM*ITt5o 
[00 3 2] 014 StfEl 1511 I?) DSc^ffi U*-5ttC 

•fca-tfi-eix " l n x-^&tf "0" f-^o'J-K/ 
MWCfo6 0 Ell 4RT/mi 5X<D*$M t l&tf 
t 2 -C<Di£^tiJ Llftmi^iX^tt. 012 &T>*EI 1 3 t 
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SrS^i&tri&^f-ll ty hj»BLJCft«{St4:-^^. (El 
14), " 1" x-^SrS^&t^^Klie-y h^B L 
(ClEm{i4:^^^ (Hi 5). ZtllzXK). u 0"f- 
^ j^*. fcftfcirn'-CIl K U"f >S^^JilS*^J^ < ^ 7" 

— ^jtfj^&fcftfc.ir/i'-eil K W >«aW*8IUx 

[0 0 3 3] £X±(OX 5!CI^^(-i:^DR AMir/i- 
II te^bS«^«*W:7n--T^>^ft* 
;u#f-<«:«fo»*E4MOS h 7 * \zX *) 

s^**Jfflu*c*5 9> y— *fcBJ£«fit"c*>*- fin 

Bt*fflL/»#a*^W»l4, !7-K*WLfctry 

IWfcKtt t^r^wr^ii 
lcfc&<, flKittf^-^lfy Hft*5S;-Cfctt*aL*« 

[0 0 3 4] SOI«J6l4. ^P'^^LS 

s i *<D«*«rff 5»#«ct**^*a-e*>s. 

[0 0 3 5] HK> I^ia^SO IffiiScODRA 
Mil t^^^l 

X?/ 1 ^rt^^^S^DRAM^SO I W^t~t Z> 

y ^> 3 fv YWlL»WKrt Zo i*tl4E1t»»»tt*:*flS 

*o>*y-feyu-C«l Ettmaf*:****** 
#^B:#«£-«:-f, x-^(*«Pl*i±l4*fim-P n«#cO 

[0 0 3 6] I C * ■CI-RM lfcS*ft4 D R AMt ;u 
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«o w , "l w OL#v^«*ffia«rifix»t*# 
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[0 0 3 7] f/W^ftfrtt, y-hfiLg = 0. 3 5 
M nu P Mis 'J3yil2 I*® J^tS i = 100n 
m, 7^t^8W J NA = 5 X 1 0iVcm3-Cfc 
9 N 1 4 iff K W ^ 1 5 W Kt-SK i s N D = 

5 X 1 020/ c m 3, y-fK{LKf^tox = 10n 

[0 0 3 8] Ell 6 ft, "0" *<0 io 

d, RU^**^*^* (OtttVBi^ltV^o Ell 

7i^[^i:<. "i w r-***^** toaof-* 

^^tEVBtrSU^S, B*Jfflt6-t 
7<Of f -^ijK^ttiLlb^(C*5^5 "0" f-^^l#VN 

{tmEEV thOi: "1" f-^^L^V^fitEV t h 1 
£rJL£fc*!)(c s ^ 08$H<0 K W >lSt I d s i: y- h 20 

{II, ft^HBWtfY^ftL*W/L = 0. 17 
5/im/O. K W > • y-^KSBESr 

V d s = 0. 2 V£ LTV^ C 
[0 0 3 9] Ell 8frb. "0" S^ii^t/KDIIV^ 

ttlEVthOi: w l w »Sii*-fe^L#V^fl[«EEV 
thKOiAVthlt AVth = 0. 3 2Vi4ot 

tfEIl 7JC^oV^T, "0" (B$^Jt 3) <D 

^ie^vB=-o. 77v, a 1 n s#^^a:m 30 
^f>fHi^vB = o. 8 5v-efe^ ^eoi^i. 

6 2 V-?fc5(Dfc*tU <?—9%mm (^it6) -c 
IS> M 0" S# /UfO^f W V B = - 2 . 0 
4V X "1" S#ii^t;K^^r f W V B = - 1 . 

^(omt^O. 4 4V£*£i£*ii:^cfc t>'h 

[0040I ioijictsa^ia^it^r, ^<o& 
r-b*e*>^o M o M mzihz+mk ( t 3- t 4) -era, 

[004 1] y- MHar«:TJf*fe«)S«t9ife(- KW> 
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"0" §ti^^5rfTo/-cir/UTIl, ^-y^/^^ric^n 

k w >«<ttjfl«±» it 3 mvnm^ x zmm 

tffttlZ. *LT, M 0" »#5i*JCi9«TftTJffc* 
[004 2] t5 -oil, i&*«<0B*jPj t 4 - t 5 

^oStt^f^lfi^SJ^ "o" , 

[0 0 4 3] -tr.-Cwtf>589ilw*5V^Ttt:. ±f£g*DR 
S2(0^- HWtf>*ffi#*8[ 

[0044] immvmmi] H1911, ^ 

JteOJK<RICi5DRAM-fe/V'«JtS:. 0 1 K*tJ££-£-C 
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tSitt^t 2 <D^- h 2 0 #sfc{fcjR 1 1 

lcoy-hl 3«<oy-Hfe«Stl 6fcWCJR»ii- 

[0 0 4 5] *B^t;U7WMtlt ftKBlwr* 
J: 5 (c, mi <vy~- h 1 3 li>7- Klftt Lrii«cW(C^ 
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[0 0 4 6] [^M<OJfm2l E|20tt, m<o%M<oi& 
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[0 0 4 7] ftlC, 1EI^I*«81, 2 <£>D R A 
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ABSTRACT 

Experimental measurements and 2-D device simulation are 
used to investigate a capacitorless, asymmetric double-gate 
DRAM (DG-DRAM) design. Soft error problems are 
discussed. Careful attention to cell geometry and film quality 
results in intrinsic retention times suitable for stand-alone and 
embedded memories. 

INTRODUCTION 

Semiconductor memories such as DRAM play an 
increasingly important part in determining the performance of 
microelectronic products. Their role has raised the demand 
for reliable, high density memories with fast data access and 
low power consumption. However, significant challenges 
must be overcome in scaling DRAM [1]. Reducing the 
transistor's off-state leakage, for example, can require high 
substrate doping to sustain a large threshold voltage. 
Unfortunately, this approach enhances trap-assisted tunneling 
and leads to tail bits with small retention times. Another 
problem is the integration of a small storage capacitor in a 
technology which should provide an adequate sensing signal 
margin, long retention time, and soft error protection. 

As a result, it is unclear if DRAM can scale without 
changes in the standard 1T/1C cell design. Alternative 
structures have been proposed. In capacitorless DRAM, for 
example, the conventional storage capacitor is replaced by 
the body capacitance of a SOI MOSFET [2-5]. The number 
of majority carriers stored in the body affect channel 
conductivity through the body effect and can be used to 
distinguish two states. However, some capacitorless DRAM 
cell designs may be impractical for sub-lOOnm technologies 
because of their doping profiles [2] and the need for an 
increasingly heavy dopant concentration to sustain a partially 
depleted body [3-4]. 

DG-DRAM is a new type of capacitorless DRAM [5]. Its 
unique, compact structure targets applications ranging from 
embedded and stand-alone DRAM products to 1T-SRAM 
arrays [6]. In this study, we compare DG-DRAM against 
other technologies, consider variations in its cell design, 
present experimental and simulation measurements, and 
explore soft error problems. 

TECHNOLOGY 

Unlike a conventional double-gate logic transistor, the 
two gates in a DG-DRAM cell are not electrically connected. 
This permits an electrically induced floating body to appear 
within a fully depleted body when a negative back gate 
voltage (V CB ) is applied. Excess holes generated by impact 



ionization near the drain are collected at the back interface 

and raise the drain current. These characteristics are 

demonstrated in Fig. 1 with devices fabricated using a 

recessed channel SOI (RCSOI) process [7]. The P-type 

substrate underneath the buried oxide layer acts as a back 

gate, creating a quasi-double gate cell from a RCSOI 

NMOSFET. Fig. I and sub-lOOnm FinFET simulations [8] 

demonstrate that MEDICI can provide a good match with 

double eate device measurements. 
200 w 
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RCSOI NMOSFET parameters 
Front Gate Oxide Thickness (T OB , ): 70A 
Back Gate Oxide Thickness (T 0ii> ): 850A 
Asymmetric Front/Back Gale (N/P-type) 
N |?0( ■ Won": T BCOT * 450A 
line, measurement n D_P °* 
.symbol: MEDlClr. 
L = 0.5}*m 




Fig. I: 

The emergence of 
a kink effect in 
fully depleted SOI 
MOSFETs depends 
on both front and 
back gate voltages 
. (Vcf.Vcb). 

. ~0 1 2 3 

Drain Voltage (V) 

A fully depleted SOI MOSFETs body coefficient is 
defined as dV T /dV BS = -3T ox /T Si [5]. Since a thin body, 
double-gate device effectively terminates field lines from the 
drain, a~slight!y thicker gate oxide may be used to increase 
the body coefficient in a DG-DRAM cell while avoiding 
punchthrough and excessive off-state leakage. By combining 
a small silicon film thickness and thick gate oxide into one 
device, DG-DRAM has the ability to transform small gains of 
body potential into significant changes in V T . 

DG-DRAM can also be realized with thicker fully- 
depleted silicon films. Unfortunately, a thicker body in sub- 
lOOnm devices increases off-state leakage. Using a more 
negative V GB raises V T and reduces leakage while 
compensating for the smaller body coefficient by permitting 
additional holes to be stored within the body. However, 
raising |V GB | also increases the electric field at the junctions 
and causes more trap-assisted tunneling which limits 
retention times in high density memory arrays. 

In capacitorless DRAM technologies using a partially- 
depleted- semiconductor film, high body dopant 
concentrations are needed as the device is scaled [9]. Heavy 
doping limits depletion into the body from the gate, drain, 
and source regions for sub-lOOnm devices. However, a large 
body doping also results in trap-assisted tunneling [I] and 
threshold voltage (V T ) fluctuations [10]. Fig. 2 shows how 
a V i increases as a function of uniform body doping. 
Although a retrograde doping profile mitigates dopant 
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flotations within the depletion reg.on, this approach .s less 
useful when PD-SOI technologies are scaled because of the 
decrease in film thickness and encroachment of halo implants 
?n, 0 the channel [9]. In contrast, a DG-DRAM cell design 
can incorporate a lightly doped body, resulting in a v , of less 
than ImV. 

40 • 




Partially depleted SOI MOSFET 
W/L - 50nm/50nm 

T. =20A 




Fig. 2. 

V T nuctutalions 
worsen with 
increasing body- 
doping. 
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Besides eliminating the need for a discrete storage 
capacitor, DG-DRAM has other advantages over standard 
1T/1C DRAM For instance, conventional DRAM array cells 
should act as ideal switches to quickly transfer charge 
between the storage node and bitline. Achieving a large 
transconductance in DRAM cells is difficult as technology 
scales because of the small gate overdrive (V word | inc -V T ) But 
the performance of cross-latched current sense amplifiers 
depends on current differences and can be fairly independent 
of the current driving capability of memory cells [11. J. 
Current sensing allows DG-DRAM to achieve fast reading 
speeds because a large body coefficent can be incorporated 
into its design, even at sub-lOOnm gate lengths [5J. 

CELL DESIGN 

The planar, asymmetric double-gate structure in Fig 3 
may be used to realize sub-lOOnm DG-DRAM array cells. 

he device can be fabricated in a manner similar to [1-J. A 
thin back gate oxide is thermally grown on a bulk silicon 
wafer followed by deposition of amorphous P+ silicon. M 1 
is used to isolate the back gates in this P+ silicon layer. The 
wafer is then bonded to a second oxidized silicon wafer. 
Following a front surface polishing, the wafer is oxidized to 
achieve a thin silicon film for the body. After removing th.s 
sacrificial oxide, a front gate oxide can be thermally grown. 
Formation of an N+ front gate and raised source/drain regions 
completes the process. 



Note that the front gate length can be shorter than the 
DRAM half-pitch [13]. This results in a larger tolerance for 
alionino the two gates and contacting the S/D. Increases in 
overlap capacitances between the back gate and S/D are not 
as significant as with logic transistors. Reading speeds 
depend in part on how quickly array cells drive ow- 
capacitance nodes within the current sense amplifiers [11 J. 
While sensing signal margins are independent of bitline 
capacitance for DG-DRAM, the time it takes to switch bitline 
voltages between different operation modes may increase due 
to the increased overlap capacitance. This effect is reduced 
by dividing the array bits into small, discrete subarray blocks^ 
Each bitline covers a limited number of cells which 
minimizes the overall bitline capacitance [10]. 

In practical applications, variations in cell geometry must 
be considered since AV T between two states in capacitorless 
DRAM is only a few hundred millivolts. Fig. 4 shows the 
effect of a +10% variation in gate length and film thickness. 
Although V T is sensitive to large variations, fabricating a DG- 
DRAM array can be more tractable. For example, high 
density memorv arrays are divided into smaller subarray 
blocks [10]. Rather than maintaining a strictly uniform body 
thickness across an entire wafer, a key goal is to minimize 
intra-subarray variations in film thickness. This approach is 
necessary because array bits are compared to reference cells 
in the same block. Current sensing schemes help in this 
approach by cancelling out systematic variations within the 
subarray as common mode noise [4]. 
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Fig. 3: 

A planar, asymmetric 
DG-DRAM cell 
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Fig. 4: 

Simulated effects of 
± 10% variations in 
body thickness and 
gate length on V T . 
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Another way to minimize the effect of variations on V T is 
to reduce the front gate oxide thickness (T 0 xf)- The front 
gate oxide cannot be thinned excessively for a given body 
thickness because of the decrease in the body coefficient^ 
Holes would also spread over a larger area at the back 
interface for a thinner Tqxf, resulting in smaller gains of 
AV BS for the same number of holes. But the body coefficient 
is independent of the back gate oxide thickness (T OX b). A 
thicker back oxide reduces the overlap capacitance and 
decreases coupling from the back gate to the front surface 
potential. This diminishes the capacitor divider effect and the 
impact that body thickness variations have on V T . 

OPERATION 

Simulation parameters of an asymmetric 50nm DG- 
DRAM cell are listed in Table 1 and were chosen to reduce 
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the V T dependence on gate length and body thickness as well 
as to attain a large body coefficient. All transition times in 
the simulations are set to Ins. Note that DG-DRAM can be 
operated with small voltages and realized with conventional 
polysilicon gate materials. In DG-DRAM, four modes of 
operation are needed: read, program, purge, and hold. 

Table 1: 50nm DG-DRAM Array Cell Simulation Parameters 
Program (0/1) Hold Read Purge (dynamic) 



Front Gate Voltage (V GF ) 1V 
Back Gate Voltage (V Ga ): -1V 
Drain Voltage (V 0 ): 0 5V/1.2V 
Source Voltage (V s ): 0V 



Neocv= 10 15 cm 3 (P-type) 
Tbccy= 100A 

r ELECTRON = 1 MS 

♦promt gate" <• l7eV(N*) 



0V 
-1V 
0 5V 
05V 



1V 
-1V 
0.5V 
0V 



1V 

ov 

05V 
OV 



Nao- 10*cm-*(N+) 
T oxe = 60A 
L GAT r = 50nm 

Wg*te= 5.25eV(P+) 
tpuRG€= 10ns 



change in hole concentration to effect a significant reduction 
in Vj through AV BS . Since AV BS is proportional to the 
change in hole density, the total amount of holes required to 
achieve the same change in body potential decreases for 
shorter channel lengths. 

10 year hot-carrier lifetimes with AV T of lOmV have been 
demonstrated in FD-SOl devices [14]. In our study, RCSOI 
devices were cycled using the purge/program conditions 
listed in Fig. 9. Each cycle consists of a 50ns purge pulse to 
expel holes from the body followed by a 10ns programming 
pulse to introduce holes into the body. After 10 cycles, 
there was an 8mV increase in V T and no degradation in data 
retention, suggesting that it may be possible to use impact 
ionization with moderate voltages to achieve fast 
programming times and good cell endurance simultaneously. 



Read: Like 1T/1C DRAM, a refresh is required after every 
read operation [5]. For a thin silicon body, recombination 
with channel electrons reduces the number of holes inside the 
body over time. Increasing the front gate voltage V GF also 
reduces the source-body potential barrier at the back interface 
because of capacitive coupling and allows excess holes to 
move into the source. Thus, a small V GF and fast switching 
speeds are needed to maximize the current difference which 
is sensed between two different states in a read operation. 
Program: The number of holes at the back interface of an N- 
channel DG-DRAM cell determines the state of a bit. More 
holes correspond to larger drain currents which can be 
detected quickly by a current sense amplifier [11]. To 
introduce holes into the body, impact ionization is used. 
Programming speeds of a few nanoseconds are able to 
saturate the body with holes [3-5]. Since an entire wordline 
is programmed at one time, drain voltages are varied to 
define the cell state. Writing a "1" or "0" state requires a 
large or small drain voltage, respectively. Fig. 5 shows how a 
transimpedance mplifier is used to measure these 
characteristics in RCSOI devices, 
drain (V G -) 




back gate (V H ) 



= -V./R 



oscilloscope 



Fig. 5: 

Measurement setup 
used to record the 
transient drain cun-ent. 



Fig. 6 indicates that impact ionization allows for fast 
programming while an increasingly negative V GB raises the 
difference in current between states. Unlike cells with very 
thin silicon films, the excess holes are not completely 
removed in the thicker RCSOI devices during the read phase. 

As the gate length scales, smaller drain voltages can be 
used to sustain a constant electric field during programming. 
For DG-DRAM, a large body coefficient allows even a small 




Fig. 6. 

A larger |V GB | raises 
excess current. 
(W/L = 20^m/0.3^, 
V D : 500mV/div, V C f: 
lV/div, time: lms/div, 
R= l.lkohm) 
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Purge: Over time, thermally generated holes collect in the 
body and must be purged periodically in order to write a "0" 
state. This is achieved by using a more positive Vg B and/or 
V GF . Laraer gate voltages reduce the potential barrier at the 
body-source junction, allowing the lateral electric field to 
sweep accumulated holes into the source. Fig. 7 demonstrates 
that a dvnamic back gate bias works effectively to purge the 
body because of the strong coupling between the potential 
profile at the back interface and the back gate. 

V = 3V V = 4V /Static Back Gate Bias 
v!'.= -1V V..--1V t (V 5S = -1V) 
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Fig. 7: 

A dynamic back gate 
purge can quickly 
expel holes from the 
body. 
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Hold: Fig. 8 shows the retention characteristics of a 50nm 
DG-DRAM cell. A P+ back gate and large negative V GB 
results in -1 lOaC/um of hole charge for V DS = OV at steady 
state and AV T of 0.28V at 100ms. In steady state, holes enter 
the body mostly by thermal generation and level off when 
this amount is balanced by the number of holes leaving 
through the junctions [15]. 
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Fig. 8: 

Simulated retention 
characteristics under 
hold (dash) and disturb 
(solid) conditions. Only 
a small number of holes 
is needed to distinguish 
two states. 
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The pulsing method used to measure RCSOI devices is 
depicted in Fig. 9. A purge pulse expels holes. Program and 
read pulses follow. 



2Vl 

-12V J 



OV. 



v <" Fig. 9: 

Pulsing methods 
used in RCSOI 

v sf measurements 



2 5V 
08V 



V- 



state) 



_°J v }ri 



("0" state) 



Fig. 10 shows output voltages from the transimpedance 
amplifier. Retention characteristics of a RCSOI device are 
summarized in Fig. 11. A thinner back gate oxide (i.e. larger 

vb) and higher generation lifetime would improve the 
.ention properties of the RCSOI device. These 
improvements are incorporated in the-50nm DG-DRAM 
simulations where intrinsic retention times of over 100ms can 
be achieved at 85°C. 





Fig. 10: 

Output voltages from 
the transimpedance 
amplifier for "1" and 
"0" states at t ho id - I rns 
and 85°C. I ds n is the 
drain current for a "0" 
state at t^u = 0 sec. 
(W/L = 20nm/0.3^m) 



100 



E 75 
_2 50 



25 




RCSOI NMOSFET 

L = O.Zfim 

.^.^ 

-O-O O-O-yMD-O 



/ 



•V" state C5 



Fig. II: 

The accumulation 
of holes within the 
body limits 
retention times. 
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SOFT ERROR 

In 1T/1C DRAM, a minimum storage capacitance of 20- 
30fF is needed for the sensing signal and data retention. But 
this is not enough to prevent a soft error upset by a direct hit 
of an incident neutron with a cell's storage node. The recoil 
silicon nucleus can generate ~160fC/um whereas the storage 
charge in a capacitor is less than 50fC [10]. Thus, even for 
reduced junction areas, a direct hit can result in an error 
because of the cell's small storage charge. 

In a planar DG-DRAM cell, however, no charges are 
collected by a cell from the underlying substrate because of 
the back gate oxide. A polyimide die coating shields the 
array from alpha particles. Like conventional bulk-Si 
DRAM, soft errors occur when there is a direct hit between 
neutrons and cells. But the incident high energy neutron flux 
is small (~25/cm 2 -hr at sea level) [16]. The small flux and 
array cell size suggests that the soft error rate in DG-DRAM 
will be comparable with 1T/1C DRAM. To compensate for 
single-bit errors, error checking and correction (ECC) 
techniques can be used. While there is an overhead 
associated with extra ECC bits, the ratio of ECC to data bits 
reduces exponentially for wider internal bus widths [17]. 

SUMMARY 

DG-DRAM is intriguing for sub-lOOnm CMOS memory 
technologies. A planar, asymmetric double-gate DRAM cell 
has been demonstrated with simulations of a SOnm DG- 
DRAM design and experimental measurements of RCSOI 
NMOSFETs. Soft error rates are expected to be comparable 
with conventional 1T/1C DRAM arrays in bulk silicon and 
may be repaired with ECC. 
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